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Microstructures and mechanical properties of laser welded joints in
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Abstract: During the welding thermal cycle, changes in the distribution and morphology of precipitates within the heat-affected zone
(HAZ) often lead to typical softening, making HAZ the weakest region of the welded joints. In this study, a novel welding strategy is
proposed by integrating fiber laser welding with thermally stable Ce-containing rare earth precipitates. This approach enables the
tailored regulation of precipitate structures in both the fusion zone and HAZ, simultaneously refining precipitate distribution,
narrowing the HAZ width and mitigating softening, thereby enhancing the overall mechanical performance of the joint. The results
reveal the formation of numerous micron- and submicron-sized precipitates within the fusion zone, which are dispersed along
dendritic arm boundaries. These particles serve to effectively pin dislocations and hinder their movement during deformation,
contributing to fusion zone strengthening. Meanwhile, the thermally stable rare earth precipitates in the HAZ help preserve the
original precipitate structure of the alloy, maintaining the HAZ width at around 100 um after thermal cycling and substantially
reducing microstructural degradation caused by welding. Tensile testing confirms that, with Ce micro alloying and optimized laser

welding parameters, the resulting joints exhibit excellent mechanical properties, achieving a lap shear strength of 74.4% relative to
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the base metal. These findings validate the feasibility and effectiveness of the proposed welding strategy for high-quality joining of

rare earth magnesium alloys.

Key words: rare earth; magnesium alloy; laser welding; microstructure; control mechanism
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Fig. 1 Microstructures of Ce-containing rare earth Mg alloys
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(a) optical micrograph; (b) SEM image;

(c) migration of precipitates along grain boundaries
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Fig. 8 Analysis of precipitates in the fusion zones
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Fig. 9 Tensile test results of the welded joint

(a) schematic of the tensile shear test; (b) stress state of the tensile shear specimen;

(c) tensile shear force-displacement curves

R BT Wy 11 T P B P L T LU B,
TR0 B 5 TR S5 A X 25 5 B i, Wy 1A
HTE SN 10(a) ok, REREF 2] 5% B 1 +F
A, 00T EIE AR PR M X R B AL ELISOA - e 4
S5 X, [ 11 O W D SR AT AR, BSE JGR
Fof BE PR R B CIE 11(0) ), W 111 2 1 A K O £
JLE, T AT H A S B A L AR LA S O
F, W X AL TR R AT AR AL
R RECIR, Ae B R B R S R A
W A 57, I o ¢ UM A S AR IR W) X
2o Pt — DA UEAR AR AT AR A A TR R
JE AR HEAR A SR O 2R

T Ao S T R A A X 3R e X
A U AR EE A, ARAS L 12(0) TR 8 R R i
o AR, P X A T Y FRIR R 44.78HV,
K FREM AOREE 53.16HV, 2 B 7 L G 2R 4E
T, B X H Bk AR, G ALK R TR
PRI AR I RCK L EROR BT AR S5 4, s E LT
69.92HV . I WA i 43 A3 54l AN T Sz e Bg A X
R D) X 0 Ak IX B0 20 x4 4 12 PR
A8
2.5 BNIEEESGEALE

12 SRR X5 0 Ak DX 42 A T A 30 1
FE o ATLLE Y, B X B — s R R R Ak, S



it = M

114

F
=2

T i 55 46 4

B AR R o, A S I T Ak X
SRR T o R TR, S X P
(9% L 7 1 AR IR B RGBT S R, — 2 72
FE AR R IR X 0 2R . SRTHT, SR X P
R LA S TC IR HT AR, 41 Mg, ;AL , . MgZn,
s O] S B L AL TR | R AT, SR
TR B A SR/ oL 22 18] 1 B, — 2 1)
SPGB X 14 S VRS . TR IR, Mgy,AlL,
Il MgZn, 25 57 A0 5 58 5 P by 52 ok Sl 5718 56
., WA SRR A R s A RS B

R, FERER ATV T, e R ek g A
59 (R LT A S8 P 2L, 1R SR, T3 2 S ] X
BRAL SR 3K S PR B 1 SRS HLR

FIHC 2R, A0 X P IR Ak i 1 BHOK /00 ok
ST A, I ELIX SR AR5 | R4 A AL
B4 . AR LAY Orowan HLE P2, kMG
ROAT HE A B A O T LA A BELAS A8 I ek i o iz
BERIZE S, AT S AL X s L S,
{3785 26 358 TR AL K T HE AT, BB RS I — 25 72
P PR T3C HUREATT AR 5 o B85 B, T 7 2 A4 M

Bl 10 HrfhlrEs  (a) s (b)Fim

Fig. 10  Fracture morphologies of the joint

11 B R AR

Fig. 11

P12 BERF DX A DX 122 5 1 R ) ff P2 A7

Precipitates on the fracture surface

(a) cross section; (b) surface morphology

7900 pm

(a)SEM [&]; (b)BSE [
(a) SEM image; (b) BSE image

(b
Base metal 53.16 HV
| |
60 l
2 40
20+ —— Line 2
—=— Line 3
—=— Line 4
0

1 2 3 4 5 6
Test position

(a) IR A5 (b) B BE 2R

Fig. 12 Microhardness profile across the interface between the base metal and the fusion zone
(a) indention locations; (b) hardness profile



5 43

7 Ce fis LBEB GO K B ROWL 2L T~ fE 115

A SR, Bl R BRI H A AR
2 4 BRALZE ), T3 IE A TR v, R4 L X
I L AR T 35 R4 1 T2 BEARAE , IO 2 T AR AT
A R PO B R S R A P 7 L

3 Zig

(1) 38 i LR B A%, IR EE 0.7 mm
1 0.4% Ce s T 8E G 4o X IE4E 72 WL 55 19 40 B
KB, BOCIR AN 25 R B, (HOR AT P 4%
YR B Bifs ; a AL X [ IR T8 24 1.22 mm,
VA B A 4 A T PR A A DX 5 S 24 0.73 mm, R
T B R

(2) 9840 DX PN B8 2 1 TR A BOK AT
AHABURL, 1 6 JURE 9 55 b o3 A0 TE AL AR 1 2%, A 5K
PERER X T e . B [ A AR Y, Mg-AlL Al
Ce BT ARV AL FH N ZR AT 10, DL R v H BT I
PRI PR B ], o AT H AR i) 2 2 S A

(3) % FREZ M IX GO AL SL ) 4 BT A B, 34 )
X PN RGBT AR B AL L 3B AR AT, B
ARG R X PN A AT L AR 454 5 SR Ak 25 F A Rl AR
G M DX A, (92 DX IR A R e Sk 1
5595 o

() IR R IR AL X SRR X I S5
T T2, KRB L H BT SR BE 2Y 134.1 MPa, iAREAHT
$L 50 BE 1) 74.4%, 45 3% B o O R E By
Ce fis LA & R L ELIE R AT

S Lk

(1] ZOL5E, XUB e IR R AL BOR BT BUIRZR 1A [T].
FOERRRE 5 T2, 2020, 28(5): 47-61.

LI GJ, LIU X L. Literature review on research and devel-
opment of automotive lightweight technology [J]. Materi-
als Science and Technology, 2020, 28(5): 47-61.

[2] 5Kl Fids, i, 45 R RET A 5 T 2 50
FHBEAR O] HLAK T A=Az, 2024, 60(4): 259-283.
ZHANG Y, LU Y, PENG R T, et al. New connection
technology and application status of lightweight materi-
als[J]. Journal of Mechanical Engineering, 2024, 60(4):
259-283.

(3] ZRtibfls, 220, HERAR, 5 R AR AL HORIFFE SR
LB D] R A ST RESR, 2025(1): 16-31.

XU S W, JI ZK, XIAO P J, et al. Status and prospect of
automobile lightweight technology[J]. Journal of Auto-
motive Safety and Energy, 2025(1): 16-31.

(4] T, REMH, XPRER, . By & MBI R A1

il & F AP R BR G R, A A48 T, 2024,

14(12): 63-82.

WUQY, WUY J, DENG Q C, et al. Additive manufac-
turing of magnesium alloys: a review[J]. Nonferrous
Metals Engineering, 2024, 14(12): 63-82.

(5] sk, VPIMRE, BRIk, 5. 914 FR R AL s Horse ik
[J]. MU TR 412, 2023, 59(24): 177-196.

ZHANG L, XU S K, CHEN J, et al. Research progress in
lightweight design of train body [J]. Journal of Mechani-
cal Engineering, 2023, 59(24): 177-196.

(6] FREF, T 3CIL, BN, 5. 1A SRk SHORI

AR RS AR ], hERR:: SRR, 2025, 55(4):
553.
XU N P, DING W J, WEI B B, et al. Preface: the current
status, breakthroughs, and future of magnesium science
and technology[J]. Scientia Sinica (Technologica), 2025,
55(4):553.

(7] BRT5E, BEpaAn, T, 5 R E R R R EOR R e
REGAA ], PEFTAR, 2019, 33(HE 1) 2) : 431-440.
CHEN Y H, XUE S B, WANG B, et al. Development
status and future direction of welding technology in the
automotive lightweight[J]. Materials Reports, 2019,
33(Suppl 2): 431-440.

(8] SREER, 2544, BRIGEE, 55, ARG A 2 U0 42 i iF
FEHERE [J]. MPRHAL B2, 2024, 45(8): 13-26.
ZHANG N N, LI Q A, CHEN X Y, et al. Research
progress on texture control of wrought magnesium
alloys [J]. Transactions of Materials and Heat Treatment,
2024, 45(8): 13-26.

[9] GAOM C, UNLU N, SHIFLET G ], et al. Reassessment
of Al-Ce and Al-Nd binary systems supported by critical
experiments and first-principles energy calculations[J].
Metallurgical and Materials Transactions A, 2005,
36(12):3269-3279.

[10] LI Q, XIONG W, YU M H, et al. Effect of Ce content on
performance of AZ31 magnesium alloy anode in air bat-
tery[J]. Journal of Alloys and Compounds, 2022, 891:
161914.

[11]JLIZJ, WANG J G, YAN R F, et al. Effect of Ce addi-
tion on hot deformation behavior and microstructure evo-
lution of AZ80 magnesium alloy[J]. Journal of Materials
Research and Technology, 2022, 16: 1339-1352.

[12]SUJ, GUO F, CAI H S, et al. Structural analysis of Al-
Ce compound phase in AZ-Ce cast magnesium alloy [J].
Journal of Materials Research and Technology, 2019,
8(6): 6301-6307.

[13] LUO Q, GUO Y L, LIU B, et al. Thermodynamics and
kinetics of phase transformation in rare earth-magnesium
alloys: a critical review [J]. Journal of Materials Science
& Technology, 2020, 44: 171-190.

[ 14 ] MATHUR H N, MAIER-KIENER V, KORTE-KERZEL


https://doi.org/10.11951/j.issn.1005-0299.20190232
https://doi.org/10.11951/j.issn.1005-0299.20190232
https://doi.org/10.11951/j.issn.1005-0299.20190232
https://doi.org/10.3901/JME.2024.04.259
https://doi.org/10.3901/JME.2024.04.259
https://doi.org/10.3901/JME.2023.24.177
https://doi.org/10.3901/JME.2023.24.177
https://doi.org/10.3901/JME.2023.24.177
https://doi.org/10.3901/JME.2023.24.177
https://doi.org/10.13289/j.issn.1009-6264.2023-0486
https://doi.org/10.13289/j.issn.1009-6264.2023-0486
https://doi.org/10.1007/s11661-005-0001-y
https://doi.org/10.1016/j.jallcom.2021.161914
https://doi.org/10.1016/j.jmrt.2021.12.083
https://doi.org/10.1016/j.jmrt.2021.12.083
https://doi.org/10.1016/j.jmrt.2019.07.042
https://doi.org/10.1016/j.jmst.2020.01.022
https://doi.org/10.1016/j.jmst.2020.01.022

116 o= M

B W

5 46 3

S. Deformation in the y-Mg;,Al,, phase at 25-278 °C [J].
Acta Materialia, 2016, 113:221-229.

[15] YANG M L, CHEN C, WANG D S, et al. Biomedical
rare-earth magnesium alloy: current status and future
prospects[J]. Journal of Magnesium and Alloys, 2024,
12(4): 1260-1282.

[16] A, A%, Bahe, % RE SR LS i 1

i AR T e L] R R it MoA (5 4, 2024,
44(8):1009-1022.
ZHA M, GU T, MA P K, et al. Research progress in die-
casting technology for large-scale integrated structural
components of light alloy[J]. Special Casting & Nonfer-
rous Alloys, 2024, 44(8): 1009-1022.

[17] DAL M, FABBRO R. An overview of the state of art in
laser welding simulation[J]. Optics & Laser Technol-
ogy, 2016, 78: 2-14.

[18] CAO X, JAHAZI M, IMMARIGEON J P, et al. A review
of laser welding techniques for magnesium alloys[J].
Journal of Materials Processing Technology, 2006,
171(2): 188-204.

[19] SR, 28R4, ARTIAK, 45, AZ31B B 4 Uy 5 ]

ISR CLFBOC RS BT 5T (1], HLAR T RE A4,
2025, 61(2): 151-161.
ZHANG M J, LI C X, ZOU J L, et al. Experimental
research on laser welding of AZ31B magnesium alloy
using power-modulated ring-mode fiber laser[J]. Journal
of Mechanical Engineering, 2025, 61(2): 151-161.

[20] BRtR, ARSCES, SR, 55, s & & IR HOR

WF 58 BUR K % J8& O 1) (30, 44 8HS:41 L 2020, 34(15)
15126-15131.
CHEN Y, ZOU W B, GUO L T, et al. A review and
development tendency of welding repair technology for
cast magnesium alloy[J]. Materials Reports, 2020,
34(15):15126-15131.

[21 ] WEILER J P. The role of the Mg;;Al,,-phase in the high-
pressure die-cast magnesium-aluminum alloy system[J].
Journal of Magnesium and Alloys, 2023, 11(11): 4235-
4246.

[22] PENG S Y, WANG Z L, LI J, et al. Beyond Orowan
hardening: mapping the four distinct mechanisms associ-
ated with dislocation-precipitate interaction[J]. Interna-
tional Journal of Plasticity, 2023, 169: 103710.

[23] SUNGP,LEIM Y, LIU S, et al. Orowan strengthening
with consideration of thermal activation[J]. Computa-
tional Materials Science, 2024, 233: 112720.

Wik H 1 2025-07-10; 5% H #: 2025-08-08
HEEWB: M EEBAEFE TR RTE NS EETE
(24B0986)

WIRIEE: BR#E € (1990—), 3, 11, Bl # %, w58 7
A0 4 TR E R, I AR ik VI VE 4 B B T A4 X 2E
KA 9995 FF B K 2 46 i il & 2% B (330031) , E-mail:

chenyanfei@ncu.edu.cn

(ALwtm: & &)


https://doi.org/10.1016/j.jma.2024.03.014
https://doi.org/10.15980/j.tzzz.2024.08.001
https://doi.org/10.15980/j.tzzz.2024.08.001
https://doi.org/10.15980/j.tzzz.2024.08.001
https://doi.org/10.15980/j.tzzz.2024.08.001
https://doi.org/10.1016/j.optlastec.2015.09.015
https://doi.org/10.1016/j.optlastec.2015.09.015
https://doi.org/10.1016/j.optlastec.2015.09.015
https://doi.org/10.1016/j.jmatprotec.2005.06.068
https://doi.org/10.11896/cldb.19050153
https://doi.org/10.11896/cldb.19050153
https://doi.org/10.1016/j.jma.2023.08.011
https://doi.org/10.1016/j.ijplas.2023.103710
https://doi.org/10.1016/j.ijplas.2023.103710
https://doi.org/10.1016/j.commatsci.2023.112720
https://doi.org/10.1016/j.commatsci.2023.112720
mailto:chenyanfei@ncu.edu.cn

	1 实验材料与方法
	1.1 实验材料
	1.2 焊接工艺
	1.3 微观组织分析

	2 结果与分析
	2.1 母材的微观组织
	2.2 焊接接头的宏观形貌
	2.3 焊接接头的微观组织
	2.4 焊接接头的力学性能
	2.5 激光焊接接头强化机制

	3 结论
	参考文献

